Environmental pollution with polychlorinated biphenyls (PCBs) continues in Japan due to their high persistency, although their manufacture and use have already been prohibited. In this study, PCBs in sediments at 67 sites in Nagasaki Prefecture were determined by GC-MS, and their profiles were compared with those of commercial PCBs (Kanechlor KC300-600). The concentrations of PCBs in the sediments of sea and river areas in Nagasaki Prefecture were found to be up to 2.5 and 0.035 µg/g, respectively. Higher concentrations of PCBs in the sediments of the sea compared to those from river were observed (except area D vs N). The profile of PCB homologues in the sediments of the sea areas was similar to that of Kanechlor KC600, whereas the profile of PCB homologues in the river sediments was similar to that of Kanechlor KC500. Moreover, the source contribution was estimated by a chemical mass balance (CMB) method using the composition ratio of major congeners of Kanechlor. As a result, it was found that the contributions of KC600 and KC500 were higher in sea sediments (ca. 60%) than in river sediments (ca 50%).
INTRODUCTION
About 59000 t of polychlorinated biphenyls (PCBs) were manufactured from 1954 to 1972 in Japan, and about 54000 t were used within the country. 1) PCBs have been widely used in heat exchange fluid, electric insulating oil for transformers and condensers, plasticizers, paint and carbonless copying paper. Such use is due to their remarkable characteristics such as chemical and thermal stability, acid-, alkali-and hydrolysis-resistance, waterinsolubility, high electrical insulation, high boilingpoint, and non-flammability.
However, its pollution has become one of the most serious environmental problems all over the world and many studies have been performed. [2] [3] [4] [5] In Japan, the Kanemi-Yusho incident in 1968, which severely impaired human health, occurred by * To whom correspondence should be addressed: Graduate School of Biomedical Sciences, Course of Pharmaceutical Sciences, Nagasaki University, 1-14 Bunkyo-machi, Nagasaki 852-8521, Japan. Tel.: +81-95-819-2450; Fax: +81-95-819-2450; E-mail: naka-ken@nagasaki-u.ac.jp contamination of cooking oil with PCBs. [6] [7] [8] [9] [10] Thereafter, PCBs were detected from various living organisms including humans and from environmental samples. As a result, the manufacture, import, and use of PCBs were prohibited in principle in 1974. However, environmental pollution with PCBs is still ubiquitous in Japan. The Ministry of the Environment in Japan has continuously analyzed PCBs in the sediments of water sources all over Japan. [11] [12] [13] [14] Furthermore, many studies for determination of PCBs in sediments have been performed at various places in Japan such as Okinawa, 15) Sendai Bay, 16) Tokyo Bay, 17) Lake Suwa 18) and Ariake Sea. 19) To understand local pollution levels and the spatial distribution of PCBs, monitoring of PCBs in sediments is necessary. However, there is little available information to estimate PCB pollution in Nagasaki Prefecture.
Kanechlor, the major commercial PCB product used in Japan, has several types of products such as KC300, 400, 500 and 600 for a variety of purposes. KC300, containing primarily tri-and tetra-chlorinated congeners was used mainly in carbonless copying paper and in paper condensers. KC600, containing mostly hexathrough octa-chlorinated congeners was used in paint on the bottom of ships. These products have specific profiles of congeners and homologues 20) and thus can contribute to the source of environmental pollution in Japan. KC300 corresponds to Aroclor (Ar) 1242, KC400 to Ar1248, KC500 to Ar1254 and KC600 to Ar1260 in terms of chlorine content. 21) Consequently, many studies used a profiling method of PCB homologues to detect the source of PCB pollution in Japan. On the other hand, a mathematical receptor model was required to recognize the source characteristics. For example, a chemical mass balance (CMB) method has widely been used for the source apportionment of organic pollutants in the environment. Imamoglu et al. 2) reported PCB contamination in lower Fox River sediments to identify the possible PCB sources. The CMB method confirmed that the PCB source was dominated by Ar1242 (average contribution 95%) with small amounts of Ar1254 (2%) and 1260 (1%).
The major objectives of this study were threefold, as follows: to investigate local PCB concentration levels in the sediments sampled from 2000 to 2005 in Nagasaki Prefecture using a GC-MS method; to compare the profiles of PCB homologues in Kanechlor and the sediments and to evaluate the source contribution of PCB products by the CMB method 22) for major congeners of Kanechlor. To our knowledge, this is the first report to evaluate the source contribution of PCBs in Nagasaki Prefecture by the CMB method.
MATERIALS AND METHODS
Chemicals --TPCB-CAL-A, TPCB-CL-A100 and TPCB-SY-A100 (Kanto Chemical Co., Tokyo, Japan) were used for calibration standard solutions, cleanup spikes and syringe spikes, respectively. TPCB-CAL-A consisted of 62 native congeners and 32 [ 13 C]-labeled congeners of PCBs. TPCB-CL-A100 and TPCB-SY-A100 involved twenty-four types of [ 13 C]-labeled congeners and seven [ 13 C]-labeled congeners of PCBs respectively. Kanechlor standard solutions (KC300, KC400, KC500 and KC600) were purchased from GL Sciences (Tokyo, Japan). Toluene (Wako Pure Chemical Co., Osaka, Japan), hexane (Wako Pure Chemical Co.) and nonane (Wellington Lab., Guelph, Ontario, Canada) used were analysis grade for dioxin determination.
Sampling of the Sediments --Nagasaki Prefecture is located on the far west part of Japan, and has many isolated islands (e.g. I, J and K). Furthermore, Nagasaki Prefecture has various types of sea areas, such as bay or port areas and tidal flats (D). The locations of sampling sites at 67 sites are shown in Fig. 1 . Sampling was performed in eleven sea areas (A to K) and six river areas (L to Q). The PCB concentrations in each water area are presented as a mean value from the sampling sites (n = 1-8). For a few river areas such as L, P and Q only one sampling site was used for each and PCB levels are those found at that site. The grab surface sediments from sea and river areas in Nagasaki Prefecture were sampled by an EkmanBirge type bottom sampler (Miyamoto Riken Co., Osaka, Japan) in 2000-2005. Each sample was passed through a 2-mm mesh and freeze-dried for at least 24 hr in a freeze dryer (Taitec Co. Inc., Saitama, Japan). The water content was measured by drying at 105 ± 5 • C for 2 hr and the ignition loss, a measure of organic matter content, was measured by heating at 600 ± 25 • C for 2 hr. All data represent the concentration of PCBs on a dry-weight basis. Pretreatment of the Sediments --PCBs in the sediments were extracted for at least 24 hr with 300 ml of toluene in a Soxhlet extractor equipped with a Dean-Stark trap and the extract was then exchanged into hexane, after concentration using a rotary evaporator. A glass multilayer silica gel column (Supelco Inc., St. Louis, MO, U.S.A.) was used for a pretreatment of Soxhlet extract solution. The following were packed in order from the top into a glass column (35 cm × 15 mm, i.d.): 3 g of 10% AgNO 3 /silica gel, 0.9 g of silica gel, 6 g of 22% H 2 SO 4 /silica gel, 4.5 g of 44% H 2 SO 4 /silica gel, 0.9 g of silica gel, 3 g of 2% KOH/silica gel and 0.9 g of silica gel. The hexane solution added with a cleanup spike was applied to a multilayer silica gel column, and eluted with 300 ml of hexane. After concentration, the fluid concentration was added with the syringe spike and analyzed by GC-MS. Concentration Level of PCBs in the Sediments --For all congeners of PCBs, peak assignments were conducted based on the data presented by Matsumura et al. 23) The concentration of PCBs was determined by an isotope dilution GC-MS method. PCB concentrations in sediments are expressed as the total concentration of congeners.
PCB homologues analyzed were M1CBs (M1), D2CBs (D2), T3CBs (T3), T4CBs (T4), P5CBs (P5), H6CBs (H6), H7CBs (H7), O8CBs (O8),
Fig. 1. Locations of Sampling Sites of Sediments in Nagasaki Prefecture
N9CBs (N9) and D10CB (D10). All PCBs congeners in sediment were determined according to peak ratio compared to cleanup spikes. For determination of the source contribution of PCBs, the data of 18 congeners such as IUPAC Nos. 18, 31, 28, 44, 70, 66, 101, 110, 118, 105, 153, 138, 174, 180, 170, 199, 203 and 194, which were major congeners in Kanechlor KC300-600, 20) were used. GC-MS System --The GC-MS system consisted of an HP-6890 GC system (Agilent, Santa Clara, CA, U.S.A.), a JMS-700 MS (JEOL Ltd., Tokyo, Japan) and an HT8-PCB capillary column (60 m × 0.25 mm, i.d., Kanto Chemical Co.). The oven temperature was initialized at 120 • C, ramped at 20 • C/min to 180 • C, at 2 • C/min to 260 • C, then at 5 • C/min to 300 • C (9 min). 23) The temperature of the injector and the ion source were 280 • C. The interface temperature was set at 300 • C. Helium, flowing at 1.0 ml/min, was used as carrier gas. The electron impact ionization energy was 38 eV. A 1-µl portion of the final solution was injected under split-less mode. Selected ion monitoring (SIM) mode was used and the resolution was kept higher than 10000 (10% valley). Procedural and instrument blanks were measured before sediment analysis. Retention times of congeners in sediments were compared with reference standards in order to identify them, according to the previous report. 23) Moreover, the specific isotope ratios for each congener were checked (within 15%). The recovery of cleanup spikes (calculated using syringe spike) for each congener in sediment samples ranged from 75 to 106%, except IUPAC No. 3 (4-chloro-[ 13 C]-labeled biphenyl) with 47% of recovery. The method detection limit (MDL) for individual congeners was 2 pg/g. The value of analytical blank for the individual congeners was less than MDL (2 pg/g). A CMB Method --For determination of the source contribution of PCBs in sediments, the CMB method with the composition ratio of major congeners in Kanechlor KC300-600 was used. The basic principle of the CMB method is that measured profiles can be reproduced by the linear combinations of several sources. The profiles of 24 congeners, major components of Kanechlor KC300-600, were determined. Software, CMB8J Ver.0.96, was used for the CMB method. 22) 
RESULTS AND DISCUSSION

Concentration Level of PCBs in the Sediments
The concentration levels of PCBs are shown in Table 1 and Fig. 2 . PCBs were detected in all sediments studied and the concentrations varied considerably in the range of 0.00033-0.035 µg/g (river sediments, n = 18) and 0.0011-2.5 µg/g (sea sediments, n = 49). The concentration levels of sea sediments were higher than those of river sediments (p = 0.053), with average concentrations of 0.12 µg/g for sea sediments and 0.0053 µg/g for river sediments. The sites showing the highest concentration of PCB levels in the sea and river sediments were I-5 (2.5 µg/g) and N-3 (0.035 µg/g), respectively.
As shown in Fig. 2 , among the sea sediments (A-K), the PCB levels of the port areas such as A, G, I and J, were higher than those of bay areas such as B, C and D except F. It was expected that the PCB levels of bay areas would be higher than those of port areas, because PCBs in port areas would be diffused over a larger area than those in bay areas by influence of ocean currents. However, the opposite situation was observed in the area F. This might be due to the continuous input of PCBs from the paint of ships in shipyards located neighbored on the port area F. Sediment properties may be thought to be one of the most influential factors of PCB concentration. The ignition loss of sediments and water depth at sampling sites are summarized in Table 1 . No relation between the ignition loss and PCB concentrations in the sediments could be found, although the PCB concentrations of the sediments with high clay content were higher than those with high sand content (data not shown). Pan reported that PCDD/Fs contents were generally in the following sediment type order: organic matter enriched clay > sand-silt-clay and silty clay > clayey silt and silty sand. 24) The same trend for PCB was observed in our study. Japan's Governmental Ministry of the Environment routinely has been sampling at 60 locations distributed all over Japan and analyzes PCBs in the sediments. [11] [12] [13] [14] In 2004, the determination of PCB levels in the sediments at 62 sea areas was performed. 14) The PCB levels ranged from 3.9 × 10 −5 to 5.6 µg/g (medium: 0.0095 µg/g). In the last four years, PCB levels in Japan have been almost constant and the results obtained in our study are comparable with them. As a unique case, the PCB concentrations in D and its influent river area (N) were 0.0078 ± 0.0045 µg/g and 0.011 ± 0.0080 µg/g, respectively. In a previous report, the PCB concentrations in sea sediments at similar sites (the tidal flat sediments in Ariake Sea) in 1999-2000 were 0.030 µg/g. 19) River sediments (sub-microgram level) contained higher PCB concentrations than sea sediments and our results in this area showed the same trend. Moreover, the local study on PCB levels in a limited part of Nagasaki Bay (site A-3), was performed in 1983 by Maruyama et al., 25) where an adjacent shipyard was one of the PCB sources. The PCB level was 0.10 µg/g (median), ranging from 0.005 to 11.0 µg/g (n = 52) and a few samples located near the shipyard drain showed especially high level of PCBs (more than 10 µg/g). Since the PCB level of A-3 was 0.015 µg/g, it can be presumed that unchanged PCB contamination has been present for 24 years.
Pollution Characteristics Profiles of the PCB Homologues
The major homologues for KC300, 400 and 500 were T3, T4 and P5, respectively, and those for KC600 were H6 and H7. The profiles of PCB homologues in the sediments were compared with those of KC300-600 and the profiles of PCB homologues for KC300-600 and sediments in sea and river areas are shown in Fig. 3 . On the whole, the profiles of PCB homologues for total sea sediments seemed to be highly similar to KC600 and that for total river sediments, relatively similar to KC500. Among all sampling sites, the profiles of PCB homologues at A, F, I, and J were highly similar to KC600, and the profiles at sites of N, and P were highly similar to KC500. However, in other water areas multiple-pollution by Kanechlors was suspected since the profile of PCB homologues did not fit with that of a single Kanechlor product. This result suggested that KC600 might be one of the major sources of PCBs in port areas, since KC600 has been used in the past in paint for the bottom of ships. In a previous report, the profile of PCB homologues in Nagasaki Bay (A-3), one of sampling sites of area A, also resembled KC600. 25) The Ministry of the Environment in Japan reported that the profiles of PCB homologues at the sites highly polluted with PCBs in Japan were similar to that of KC400. [11] [12] [13] [14] This difference might be due to the different source of PCBs in Nagasaki Prefecture.
Several river sediments showed relatively high concentration of PCBs and the profiles of PCB homologues were similar to KC500. On the other hand, a specific profile of PCB homologues with a high content of D2 was observed at site Q. The major congener of D2 at the site Q was 3,3 -dichlorobiphenyl (#11). Litten et al. reported that the non-Arochlor PCB congener, #11 was ubiquitously found in the harbor as well as our result. Moreover, this compound was to be associated with pigment manufacture and unlikely to be a dechlorination product. 26) There is not the pigment manufacture near site Q. So the long-range atmospheric transport of PCBs might be suspected, although the reason for this phenomenon was not clear. Additionally, the similarity of the PCB profile with Kanechlor could not be observed in a few sediments of river areas, due to their low concentration of PCBs.
Determination of the Source Contribution by a CMB Method
A profiling method of PCB homologues is useful to predict the pollution source of PCBs, when the sediment was dominated by a single Kanechlor ingredient such as KC300, KC400, KC500 or KC600. However, the contribution of multiple-Kanechlor or combustive PCBs makes it difficult to identify the pollution source by the profiling method. In this case the source contribution by a CMB method using the composition percentages of major congeners of Kanechlor was performed. 16) The composition percentages of 18 major congeners in KC300-600 standard solutions were determined (Table 2 ) and used for calculation of the source contribution.
The source contributions of total sea and river sediments and each water area (A-Q) are shown in Fig. 4 . The source contribution of the sites showed a complicated profile of PCB homologues that could also be measured. The parameters, χ 2 value, r 2 and %mass were in the range 2.9-23.8, 0.937-0.983 and 90.0-101.9%, respectively. As a result, it turned out that the major pollutant sources in the total sea and river areas were KC600 (ca 60% of contribution) and KC500 (ca 50% of contribution), respectively. Whereas the high contribution of KC600 was found in most sea areas, the contribution of KC600 was less than 50% at sites B, D and E. In Ariake Sea (corresponding area D), a large contribution from KC400 was observed in sea and river sediment. In a previous report, KC300 and 400 were presumed to be the source of contamination of PCBs by a fingerprint method. 19) In the fingerprint method, correlation coefficiency between the congeners content in sample and Kanechlors was calculated. This finding agreed well with the results in our study. On the other hand, the contribution of KC600 in river areas was lower than that in sea water areas and around 50% or more contribution of KC500 was observed in river areas M, N, O and P. Area Q showed a specific result that the contribution of KC300 was more than 60%. The reason for this phenomenon could not be explained; specific source contribution may be considered. As source contribution in river sediments was more complicated than that in sea sediments, multiple-pollution should be considered in river water areas.
In conclusion, the concentration levels of PCBs in sea and river sediments sampled from 2000 to 2005 in Nagasaki Prefecture were determined. The pollution characteristics were studied by the profiles of PCB homologues and the CMB method using the composition percentages of major congeners of Kanechlor. The profiles of PCB homologues in sea and river sediments were similar to those of KC600 and KC500, respectively. Moreover, the results obtained by the CMB method agreed well with those results. Therefore, in Nagasaki Prefecture, it is presumed that there is major input from KC600 and KC500. From now on, it may be important to monitor the PCB concentrations continuously and to clarify the effects on human health.
